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Abstract–Petrophysical data are commonly used for the discrimination of different lithologies, as the
variation in mineralogy, texture, and porosity is accompanied by varying physical properties. A
special field of investigation is the analysis of the directional dependence (anisotropy) of the
petrophysical properties, which can provide further information on the characteristics of the
lithologies, due to the fact that this parameter is different in the various rock-forming and rock-
changing processes, e.g., deformation or sedimentation. 

To characterize the rocks in drill cores LB-07A and LB-08A, which were drilled into the deep
crater moat and central uplift of the Bosumtwi impact structure, Ghana, samples were taken for the
study of petrophysical properties. In the present work the magnetic properties of these samples were
determined in the laboratory. The results are discussed in relation to the various lithologies
represented by this sample suite.

The shape and degree of magnetic anisotropy, in combination with the magnetic susceptibility,
proved useful in distinguishing between the different lithologies present in the drill cores (polymict
lithic breccia, suevite, shale component, and meta-graywacke). It was possible to correlate layers of
high (shale component), intermediate (graywacke, polymict lithic breccia), and low (suevite)
anisotropy degree with the lithostratigraphic sequences determined for cores LB-07A and LB-08A.
The shape of the anisotropy showed that foliation is most dominant within the shale component,
whereas lineation is more pronounced in the meta-graywacke and polymict lithic breccia. An overall
increase of the anisotropy degree was observed from core LB-07A towards core LB-08A. Thus
magnetic anisotropy data provide a useful contribution towards an improved petrophysical
characterization of the lithostratigraphic sequences in drillcores from the Bosumtwi impact structure. 

INTRODUCTION

Petrophysical parameters describe the physical properties
of rocks, e.g., density, porosity, and magnetization. Values for
these parameters, as well as their comparison, allow us to
distinguish various types of rocks that occur in the subsurface.
Hence, these parameters are used to describe the internal
structure of geological bodies (e.g., Kukkonen et al. 2003;
Scholger and Mauritsch 1992). Moreover, these parameters
can be studied in terms of their directional variations
(anisotropy), resulting in characterization of, and
differentiation between, various lithologies (e.g., Tarling and
Hrouda 1993; Zechner 2002). 

Anisotropy exists because rocks consist—in general—of
structured systems of different minerals with a variety of
physical properties, shapes, sizes, complicated boundary
effects, and interactions (e.g., Schoen 2004). Also,
anisotropic features are strongly correlated with structural and
textural properties, e.g., layering, orientation of cracks, and
grain and mineral anisotropy, originating from the
depositional environment. Therefore, these features can be
seen as the consequence of the rock-forming processes or of
the post–rock forming processes, e.g., deformation,
metamorphism, orogeny, or impact events (Schoen 2004).

The investigation of petrophysical parameters in terms of
anisotropy mainly involves the study of elastic, electrical, and
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magnetic properties. For the characterization of fractured
systems and, thus, for petroleum reservoir and
hydrogeological studies, the elastic and electrical properties
are of great interest. In the case of the magnetic properties, the
determination of the anisotropy of the magnetic susceptibility
(AMS) is a well-known tool (Tarling and Hrouda 1993).
Interest in studying anisotropic features using AMS to
characterize formation processes started in the 1980s (e.g.,
Chadima et al. 2006). Several studies in this field reasoned
that the investigation of petrophysical data in view of
anisotropy yielded information on the formation processes of
various geological bodies, for example, accretionary wedges
(Chadima et al. 2006) and underplating processes (Housen
and Kanamatsu 2003). Moreover, studies on sediment basins
have shown that AMS can be used to distinguish between
sequences formed by primary sedimentation and those that
underwent metamorphic overprint (e.g., Scholger and
Mauritsch 1992).

Detailed investigations into the consequence of the
deformation of minerals were carried out to characterize
deformation processes that took place in source rocks (e.g.,
Parés and van der Plujm 2002). 

In this study we examined rocks from the Bosumtwi
impact structure in Ghana, West Africa, which was formed by
a meteorite impact at about 1.07 Myr ago (Koeberl et al.
1998). In 2004, a deep drilling project as part of the
International Continental Scientific Drilling Program (ICDP)
was carried out, resulting in the retrieval of two hard-rock
cores, LB-07A and LB-08A, in the deep crater moat and the
central uplift, respectively (Koeberl et al. 2007). The cores
were drilled to provide detailed information on the internal
structure of the crater and the various lithologies involved. 

The objective was to demonstrate the benefit of including
shape and degree of anisotropy in petrophysical
measurements for characterizing lithostratigraphic sequences
in the Bosumtwi impact structure. 

SAMPLING AND LABORATORY INVESTIGATIONS

Drilling in borehole LB-07A was terminated at a depth of
545.08 m below present-day lake level and resulted in the
recovery of more than 200 m of hard-rock samples. Borehole
LB-08A, into the flank of the central uplift, reached a
shallower depth (451.33 m). Both cores contain five main
lithological units: polymict lithic breccia, monomict lithic
breccia, suevite, meta-graywacke, and a group of argillaceous
metasediments including shale, slate, schist, and phyllite
(hereafter referred as the “shale component”) (Koeberl et al.
2007; Coney et al. 2007; Ferrière et al. 2007). Samples from
outside the crater rim were not investigated for this study.

Sample selection was carried out at the official sampling
party in January 2005 at the GeoForschungsZentrum in
Potsdam, Germany. At the petrophysics laboratory of the
University of Leoben, cylindrical samples (plugs) with a
diameter of 2 cm were drilled out of the core samples and
later cut to a length of approximately 2 cm. The anisotropy
studies required that the plugs were oriented. Therefore,
radial and axial oriented plugs were taken (Fig. 1).

Due to the fragile nature of the samples, the preparation
of the plugs was difficult and not successful in all cases.
However, it was possible to extend the data set due to an
exchange of data between the working groups at the
University of Leoben, Austria; the Division of Geophysics,
Department of Physical Sciences, University of Helsinki,
Finland (see also Elbra et al. 2007); and the Geologisch-
Paläontologisches Institut, Ruprecht-Karls-Universität
Heidelberg, Germany (see also Kontny et al. 2007). As the
three groups used similar methods but examined different
features of the magnetic properties, the data exchange was
important. For this study, data from a total of 127 samples
have been used, covering the depth-range of 349–409 m in
core LB-07A and 236–447 m in core LB-08A. The resolution
of our analyses is greater or equal than 0.5 m, which
represents the closest sample spacing.

Bulk density and porosity were obtained as standard
petrophysical parameters and are reported in Elbra et al.
(2007). Unfortunately, the electrical and elastic properties
could not be measured for all of the samples. This was due to
the fragile condition of the plugs and their dissolution during
the saturation process. Thus these parameters could not
contribute to the petrophysical characterization of the rocks. 

The magnetic properties were examined using a
Kappabridge KLY-2 (Geofyzika Brno) instrument.
Susceptibility was determined in the form of volume
susceptibility (Dunlop et al. 2001), which means that the
measured susceptibility values were corrected to a standard
volume of 10 cm3 . As a consequence volume susceptibility is
a dimensionless parameter, given in 10−6 SI. Measuring the
susceptibility in 15 spatial directions allowed to determine the
spatial orientation of the axis of maximum (κmax), medium
(κmed), and minimum (κmin) magnetic susceptibility. Mean
magnetic susceptibility (κmean), degree of anisotropy (P),

Fig. 1. Sample preparation: orientation of axial and radial plugs
drilled out of core samples.
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lineation (L), and foliation (F) are derived from these values,
using the following equations:

κmean = (κmax + κmed + κmin)/3 (1)

P = κmax/κmin (2)

L = κ max /κmed (3)

F = κmed /κmin (4)

The mean susceptibility of a rock is correlated to its
mineral composition (in particular, the presence of iron
minerals is a major influence), whereas the parameters P, L,
and F describe the degree and shape of the anisotropy and,
thus, the internal structure and/or the influence of rock-
forming processes. The degree of anisotropy is a measure of
the spatial variation of the magnetic susceptibility, e.g.,
parallel and vertical to a bedding plane or a fault system.
Foliation is related to the dominant layered structure and can
be assigned to sedimentary or metamorphic rocks, e.g.,
shales. Lineation is a characteristic feature of rock formations
formed by flow processes, e.g., dikes and volcanic layers. In

cases where the P, L, and F values are close to 1 (unity), a rock
is described as isotropic and has no directionally dependent
magnetic susceptibility.

Thin sections of selected samples were used to verify
structural information derived from magnetic anisotropy
investigations and to verify lithology classification of the
investigated samples with regard to the macroscopic
stratigraphy of the cores LB-07A and LB-08A (see Koeberl
et al. 2007).

RESULTS

Drill Core LB-07A

In drill core LB-07A, three lithologies were sampled
from within the “upper impact sequence” defined by Coney
et al. (2007): polymict lithic breccia, suevite, and shale
component. The mean susceptibility κmean (Fig. 2a) of the
shale component is 788.6 × 10−6 SI, with a standard deviation
of 223.9 × 10−6 SI. The shale component is represented by
four plugs from 349 m depth and four plugs from 375 m

Fig. 2. Comparison of the magnetic properties and their standard deviation of the sampled lithologies of cores LB-07A and LB-08A. a) Mean
susceptibility, (b) degree of anisotropy, (c) foliation, and (d) lineation. 
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depth. Samples of the polymict lithic breccia group (27 plugs)
come from 354 m, 376 m, and 389–404 m depth. Samples
from this group have a mean susceptibility of 487.7 ± 430.5 ×
10−6 SI. Suevite samples (18 plugs), covering depth ranges of
380–385 m and 408–410 m, show the lowest values, at 302.4
± 126.4 × 10−6 SI. 

The degree of anisotropy P (Fig. 2b) and κmean (Fig. 2a),
increases from the suevite (1.06 ± 0.08) to the polymict lithic
breccia (1.13 ± 0.08) and to the shale component (1.46 ±
0.07). A plot of the mean susceptibility versus the degree of
anisotropy thus results in a separate grouping of the three
lithology groups in core LB-07A (Fig. 3). 

Investigating the shape of anisotropy shows a
pronounced foliation F in the shale component (1.4 ± 0.08)
(Fig. 2c). The impact breccias have lower F values, but the
polymict lithic breccias show a slightly more developed
foliation and lineation (F = 1.08 ± 0.05, L = 1.04 ± 0.03)
compared to the suevites (F = 1.03 ± 0.04, L = 1.03 ± 0.05)
(Figs. 2c and 2d). The clay component has an intermediate
lineation of 1.04 ± 0.02. 

A plot of lineation versus foliation (Fig. 4a), therefore,
shows a distribution of the polymict lithic breccia and suevite
samples along the diagonal axis representing equal F and L
values, with a cluster of the suevite samples at the point of
origin (F = 1 and L = 1), and the breccia plotting towards a
lineation even higher than 1.1. The shale component samples
have lineation values between 1 and 1.1 and foliation values
between 1.3 and 1.6. Thus, some polymict lithic breccia
samples reach higher lineation values than the shale
component.

The magnetic properties of samples from core LB-07A
are plotted versus depth, together with the lithological
columns (from Koeberl et al. 2007), in Figs. 5 and 6.

Throughout core LB-07A (Fig. 5a), the magnetic
susceptibility mainly varies between 100 and 500 × 10−6 SI,
with almost constant values of 200 to 300 × 10−6 SI between
350 and 370 m. Four distinct peaks with κmean > 600 × 10−6 SI
can be identified between 340 and 345 m, at 375 m, 380 m, and
390 m. Three of these peaks (340–345 m, 375 m, and 390 m)
correlate with anisotropy degrees higher than 1.2 (Fig. 5b).

The anisotropy of samples in the depth range of 350–
370 m is below 1.15. A constant decrease of anisotropy from
1.25 to 1.05 can be observed below a depth of 390 m
(Fig. 5b). The foliation (Fig. 6a) shows two dominant peaks
with F > 1.35 at depths of 350 and 375 m and a single peak at
a depth of 390 m with F = 1.15. Generally foliation lies below
1.1. Maxima of a lineation L > 1.09 at 350 and 390 m can also
be found in Fig. 6b. However, a maximum at 372 m does not
correlate with the observed foliation (Fig. 6a). 

Drill Core LB-08A

In drill core LB-08A, four lithologies were sampled (e.g.,
Deutsch et al. 2007; Ferrière et al. 2007): polymict lithic
breccia, suevite, shale component, and meta-graywacke. The
shale component (represented here by four plugs from 271 m
depth) has  a mean susceptibility κmean (Fig. 2a) of 375.1
× 10−6 SI with a standard deviation of 197.3 × 10−6 SI.
Samples of the polymict lithic breccia (7 plugs) are from a
depth range of 236–240 m. These samples have a mean
susceptibility of 324.0 ± 45.4 ×10−6 SI. Suevite samples (14
plugs, covering a depth range of 239 to 259 m) show the
lowest values (231.5 ± 119.6 × 10−6 SI). Meta-graywacke
samples span a depth range from 271 to 436 m, and show
values of 293.2 ± 119.5 × 10−6 SI.

The degree of anisotropy P (Fig. 2b) of the LB-08A

Fig. 3. A crossplot of mean susceptibility and degree of anisotropy including all samples from cores LB-07A and LB-08A.
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Fig. 4. a) Lineation and foliation factor of the rock samples of core LB-07A. b) Lineation and foliation factor of the rock samples of core
LB-08A.

Fig. 5. a) Mean susceptibility versus depth for core LB-07A. b) Degree of anisotropy versus depth for core LB-07A (lithological column after
Koeberl et al. 2007).
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lithologies increases in the order of suevite (1.07 ± 0.04), to
meta-graywacke (1.20 ± 0.07), to polymict lithic breccia
(1.21 ± 0.03), and to shale component (1.54 ± 0.11). Plotting
the mean susceptibility κmean versus the anisotropy degree P
(Fig. 3) shows that the shale component samples in core
LB-08A can be easily identified by a degree of anisotropy that
is higher than 1.35. Also the suevites can be discriminated by
their low susceptibilities (κmean < 550 × 10−6 SI ) and low
degree of anisotropy (P < 1.1). However, the magnetic
properties of the polymict lithic breccia and meta-graywacke
are generally overlapping. Only the tendency of the polymict
lithic breccia samples towards κmean values of 1000 × 10−6 SI
and the tendency of the meta-graywacke samples towards P
values of 1.4 allows a distinction (Fig. 3).

Lineation and foliation (Figs. 2c and 2d) have their
lowest values in suevite samples (F = 1.05 ± 0.02, L = 1.02 ±
0.02), whereas foliation (Fig. 2c) is highest for the shale
component (F = 1.43 ± 0.13), which has an intermediate
lineation value (L = 1.08 ± 0.03) (Fig. 2d). Meta-graywacke is
characterized by foliation values of 1.10 ± 0.06 and a
lineation of 1.09 ± 0.03, and polymict lithic breccia have the
values F = 1.14 ± 0.05, L = 1.07 ± 0.03. A correlation between
the two parameters (Fig. 3) indicates distinct groupings of
samples from the shale component (F > 1.2, L < 1.1 ) and
suevite (F > 1.1, L < 1.05), but an overlap of the breccia and
graywacke samples (F < 1.3, L < 1.2).

Plotting the magnetic properties of the samples of core
LB-08A versus depth (Figs. 7 and 8) shows similar features as
for core LB-07A. There are two peaks between 280 and

290 m and between  350 and 360 m depth, which can be
found in the values for magnetic susceptibility (κmean > 500 ×
10−6 SI) (Fig. 7a), degree of anisotropy (P > 1.4) (Fig 7b), and
foliation (F > 1.3) (Fig. 8a). The peaks for the anisotropy and
foliation coincide, but the first susceptibility peak is at a
slightly shallower depth (280 m). In the lineation data, there
are also two peaks between 290 and 300 m and at 350 m that
reach values greater than 1.13, but they are also slightly
shifted against the peaks mentioned above.

Comparison of the Cores 

The lithological units polymict lithic breccia, suevite,
and shale component of both cores of magnetic properties
(Fig. 2) show that susceptibility values are generally higher in
the samples from core LB-07A. The difference of the mean
susceptibility values between the lithologies is between 70 ×
10−6 SI (suevite) and 400 × 10−6 SI (shale component)
(Fig. 2a).

However, the degree of anisotropy P and foliation F are
more pronounced in LB-08A (Figs. 2b and 2c). The degree of
anisotropy for the shale component is lower by 0.08 units in
core LB-07A samples than in core LB-08A samples. The
difference in foliation is 0.03 units. Suevite (ΔP = +0.01,
ΔF = +0.02) shows only a slight difference between the two
cores, which is within the error of the measurement. In
contrast, samples of polymict lithic breccia show a more
distinct difference between the two cores (P = +0.08, F =
+0.06). For lineation (Fig. 2d), the suevite shows no

Fig. 6. a) Foliation versus depth for core LB-07A. b) Lineation versus depth for core LB-07A (lithological column after Koeberl et al. 2007)
(legend as in Fig. 5).
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significant difference (ΔL = −0.01), but higher values can be
observed for other lithologies in core LB-08A (shale
component: ΔL = 0.04, polymict lithic breccia ΔL = 0.03) in
contrast to core LB-07A.

DISCUSSION

The objective of this paper was to investigate whether or
not anisotropy can lead to an improvement of petrophysical
characterization of the lithostratigraphic sequences in the
Bosumtwi impact structure. The magnetic susceptibility in
shale component samples from both cores is higher than
values for any of the other lithologies (Figs. 1a and 2). This is
also reported by Elbra et al. (2007) and can be explained by
pyrrhotite being present in metapelites (Kontny et al. 2007).
The correlation of the magnetic susceptibility with remanent
magnetization (NRM) for all sampled lithologies shows that
the content of magnetically stable iron minerals has a
dominant influence (Elbra et al. 2007). 

The polymict lithic breccia samples of core LB-07A,
representing the upper impactite sequence (Coney et al.
2007), show a particularly large variation in susceptibility
(487.7 ± 430.5 × 10−6 SI) (Fig. 1a). This can most likely be
explained by the heterogeneity of the matrix in terms of size,
shape, and color of the components (Coney et al. 2007).
Suevite and polymict lithic breccia samples in core LB-07A
show little difference in terms of mineral components (Coney
et al. 2007), which agrees with the observation that the
susceptibility values of these two rock types overlap (Fig. 1a).

The same applies to the polymict lithic breccia and suevite
samples from core LB-08A (Fig. 1a). However, the average
susceptibility values are smaller in samples from LB-08A
than in samples from LB-07. 

Meta-graywacke was only sampled in core LB-08A and,
therefore, no comparisons between the two cores is possible.
The magnetic susceptibility of the meta-graywacke is
comparable to that of suevite, polymict lithic breccia, and the
shale component. The mineralogical composition of the meta-
graywacke (quartz, feldspar, muscovite, chlorite/biotite,
calcite, and accessory minerals) (see Ferrière et al. 2007)
indicates that the presence of mica can explain its
paramagnetic behavior. 

Magnetic susceptibility versus depth in core LB-07A
(Fig. 5a) allows the identification of polymict lithic breccia
sequences. Although the polymict lithic breccia already can
be discriminated by higher values (κmean > 500 × 10−6 SI)
compared to suevite (κmean < 500 × 10−6 SI), the shale
component in the breccia sequences allow a clearer
distinction. Adding the degree of anisotropy P to the
parameters allows for an even more distinct identification of
the lithologies in core LB-07A. A comparison with the
lithologies identified by petrography (cf. Koeberl et al. 2007)
(Fig. 5b) shows that suevite sequences have values of P < 1.1
and polymict lithic breccias have P > 1.1 (including shale
components intersections with P > 1.3). This corresponds to
the grouping of the lithologies as displayed in Fig. 2. An
interesting feature is the slight decrease of P below the
polymict lithic breccia-suevite boundary at a depth of 394 m

Fig. 7. a) Mean susceptibility versus depth for core LB-08A. b) Degree of anisotropy versus depth for core LB-08A (lithological column after
Koeberl et al. 2007) (legend as in Fig. 5).
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(Fig. 5b), which is in agreement with the observation that
contacts between these lithologies on the macroscopic scale
can be gradational (Coney et al. 2007). 

A close examination of the values for lineation and
foliation (Fig. 6) of the polymict lithic breccia in LB-07A
samples verifies the existence of shale component within
these sequences. Shale component is represented by high
foliation (Fig. 6a). This is due to the layered structure of the
clay and the alignment of clay minerals due to cleavage or
sedimentation and correlates with a high degree of anisotropy
(Fig. 5b). The foliation values show peaks (F > 1.35) at 350
and 375 m in LB-07A samples, which are accompanied by
high lineation values (L > 1.09) of neighboring samples,
indicating a change of lithology. Moreover, the polymict lithic
breccia sequence between 390 and 395 m has high lineation
and foliation values. Flow structures within the breccia, which
would result in a high lineation, have been reported by Coney
et al. (2007) and were observed in thin sections as well.

An identification of lithological units within core
LB-08A using magnetic properties is more difficult. This has
several reasons. On the one hand, core LB-08 is characterized
by a more complex litho-stratigraphy than LB-07A, and on
the other hand the resolution of the magnetic investigation is
limited to an average sample interval of 0.5 m. Furthermore,
the susceptibility contrast between the lithologies is rather
small with values mainly between 100 and 400 × 10−6 SI
(Fig. 7a). The shale component sequences are represented by
slightly higher values of κmean > 500 × 10−6 SI at depths of

280 and 355 m (Fig. 5a). An identification of polymict lithic
breccia and meta-graywacke based on κmean values alone is
not possible. 

Including magnetic anisotropy data in the analysis
improves the interpretation. In particular, the foliation values
indicate sequences of shale component at 285 and 355 m
depth (Fig. 8a). Suevite, especially below 300 m, can be
identified by low lineation and foliation values at depths of
240 and 260 m (Fig. 8). Meta-graywacke sequences can be
identified by a higher lineation (L > 1.05) compared to suevite
and polymict litihic breccia and a less pronounced foliation
(F < 1.3) compared to the shale component. Meta-graywacke
in LB-08A is reported to have a undeformed, sheared,
brecciated, and mylonitic texture (Ferrière et al. 2007), which
unfortunately provides no explanation for the pronounced
lineation observed here.

The influence of the impact event on the degree of
anisotropy between the two cores and on the various rock
types is rather difficult to establish, as it is expected that
transport and erosion processes have taken place after the
impact (after Ferrière et al. 2007). A slightly higher level of
shock in LB-08A was found by shock petrography (Coney
et al. 2007; Ferrière et al. 2007) and also might be partly
responsible for the slight difference in the degree of
anisotropy between cores LB-07A and LB-08A. However,
the verification of this correlation needs further investigation.
Also, due to the limited time for this study source rocks from
outside the crater were not investigated.

Fig. 8. a) Foliation versus depth for core LB-08A. b) Lineation versus depth for core LB-08A (lithological column after Koeberl et al. 2007)
(legend as in Fig. 5).
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CONCLUSIONS

The mean susceptibility values alone do not allow us to
distinguish between different lithologies in drill cores
LB-07A and LB-08A. Only the shale component
(metasediments including shale, slate, schist, and phyllite)
can be identified in places by their higher magnetic
susceptibility. All other sampled lithologies (polymict lithic
breccia, suevite, and meta-graywacke) have similar magnetic
susceptibilities in both cores LB-07A and LB-08A. 

Including some other parameters that relate to internal
structure and thus reflect rock formation or alteration
processes improves the distinction. These parameters
include the degree of anisotropy P, lineation L, and foliation
F. The degree of anisotropy is a measure of the spatial
variation of the magnetic susceptibility, e.g., parallel or
vertical to a bedding plane or a fault system. Foliation is
associated within a dominant layered structure and can be
assigned to sedimentary or metamorphic rocks, e.g., shales.
Lineation is a characteristic feature of rock formations that
formed by flow processes (e.g., dikes, volcanic layers).
Foliation, in combination with the degree of anisotropy,
enabled the identification of shale components even within
the polymict lithic breccia sequence. Lineation was used to
identify sequences of polymict lithic breccia and meta-
graywacke.

The magnetic results correlate very well with the
macroscopic stratigraphy derived from petrographic studies
of the drill-core samples. In conclusion, we note that magnetic
anisotropy measurements cannot, however, replace detailed
mineralogical investigations, but such data might be a
valuable tool applied in well logging and whole core analysis.
To investigate in detail if any change of the shape and degree
of magnetic anisotropy of the lithologies of cores LB-07A and
LB-08A existed as a result of the impact event was beyond the
scope this study. However, an increase of the degree of
magnetic anisotropy was observed from core LB-07A
towards LB-08A, which might be correlated with a slight
difference of the maximum shock pressure recorded in these
rocks. This might be a topic for further studies.
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